mary hair damage. Commercial hair dyeing compositions usually consist of three types of reactive speciesdye precursors, color couplers (modifiers), and oxidizing agents (3) (4) (5) . Hydrogen peroxide (H 2 O 2 ) is the most frequently used oxidizing agent. The usual practice when hair dyeing is to initiate the coloring reaction by mixing H 2 O 2 directly with the organic reaction ( Fig. 1) . Such direct use of H 2 O 2 is believed to cause primary hair damage.
Polyphenol oxidase (laccase [EC. 1.10.3.2] ) is an enzyme that exists in plants, such as Rhus verniciflua, and in microorganisms. This enzyme catalyzes the oxidative reaction of the dye precursors without generating H 2 O 2 (Fig. 2) (6) (7) (8) (9) . As there is no H 2 O 2 generation, it is believed that primary hair damage will be reduced when applying this enzymatic reaction to hair dyeing.
In this study we estimated the effect of this enzymatic reaction system on hair dyeing and compared this system with a chemical reaction system, for which H 2 O 2 was used as an oxidizing agent. We also analyzed the correlation between the dyeing level and the oxidation-reduction potential (ORP) of laccase and dye precursors. Furthermore, we investigated the kinetics of this enzymatic reaction, and compared the parameters of different combinations of laccase and various dye precursors. All other chemicals were purchased from Wako Pure Chemical Industries (Osaka, Japan) at the highest available grade.
Laccase from Myceliphthora thermophila and Trametes sp. were gifts from Novozymes Japan Ltd. (Chiba, Japan) and Daiwa kasei Co. Ltd. (Osaka, Japan), respectively. These enzymes were used without further purification.
Samples of hair tresses, which were prepared from healthy gray Chinese hair, were purchased from Staffs Co. Ltd. (Tokyo, Japan).
Polymerization of Dye-Precursors
We measured changes in the absorption spectra dur-558 J. Oleo Sci., Vol. 52, No. 10, 557-563 (2003) 
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ing the reactions of PPD with laccase or H 2 O 2 . Laccase (at a concentration of 10 U/mL) or H 2 O 2 (0.2%) was reacted with PPD (0.05%) at 30 . The reaction with laccase was carried out in a 50 mM succinate buffer (pH 5.0), and the reaction with H 2 O 2 was performed in a 50 mM borate buffer (pH 8.5). We used laccase from Myceliphthora thermophila and conducted the reaction in a 1 cm cuvette. Starting from the reaction initiation, visible and UV absorption spectra were measured sequentially using a spectrophotometer, model U-2001 (Hitachi Ltd., Tokyo, Japan) (10).
3 Hair Dyeing Test
The hair dyeing test was conducted by applying the dye-precursor, with either laccase, which was from Myceliphthora thermophila or Trametes sp., or H 2 O 2 , to a gray hair tress. The weight of the tress was 0.5 g with a length of 10 cm. It was incubated in 40 times its volume of the reaction mixtures at 30 for 15 min. The composition of the mixtures is described in section 2 2. After the incubation, the tress was treated with commercial shampoo, rinsed with water and dried. The coloring level of the tress was evaluated by visual observation. In addition, the color difference of the tress was measured using a spectrophotometer.
4 Measurement of Color Differences
Color differences in the processed gray hair were estimated using a spectrophotometer, model CM2002 (Minolta Co. Ltd., Osaka, Japan). These were measured according to the L*a*b* color scale, which was standardized by the Commission International D'Eclairage (CIE).
5 Measurement of Laccase Activity
The velocity of product formation in the enzymatic reaction was measured to evaluate laccase activity. The substrate used was syringaldazine. The product in the reaction had an absorption at 530 nm (11, 12) . An arbitrary amount of laccase was added to 0.1 mM of syringaldazine and the mixtures were incubated at 25 . For laccase from Myceliphthora thermophila, the reaction buffer was 50 mM succinate buffer (pH 5.0), and for Laccase from Trametes sp., the reaction was carried out in 50 mM borate buffer (pH 8.5). The absorbance at 530 nm (e=6. 4 10 4 M -1 cm -1 ) was sequentially monitored with a spectrophotometer (model U-2001) during the reaction, and the velocity of product formation was calculated. One enzyme unit was defined as 1.0 mmol of product formed per min under the assay condition.
6 Electrochemistry
Cyclic voltammetry (CV) was performed using a Bioanalytical System CV-50 voltammetry analyzer (BAS Inc., Tokyo, Japan), with a glass carbon working electrode, an Ag/AgCl/KCl (saturated) reference electrode, and a platinum wire counter-electrode. The surface of the working electrode was cleansed with alumina prior to each voltammetric run, as outlined in the manufacturer's instructions. Before taking the ORP measurement of the dye-precursors, CV was performed at 25 in a 50 mM citric acid buffer (pH 5.0) with a scanning rate of 100 mV s -1 . Dye-precursors, with a concentration from 0.2 to 2.0 mM, were subsequently added to the buffer, and CV was reperformed under the same conditions. The electrode potential (E) of the dye-precursors was estimated as the average of the anodic and cathodic peak potentials. The E was added to 0.199 V, the referential potential to normal hydrogen electrode (NHE), and this value was estimated as the ORP of the dye-precursors. The ORP of laccase from Myceliphthora thermophila has been reported as 480 mV (13) . Using this value, we defined DE as the difference between the ORP of laccase and the ORP of the dye-precursors.
7 Determination of Kinetic Constants of the Enzymatic Kinetics
The laccase activity could not be determined by photometrical methods due to disturbance from the absorption of the dye-precursors. The reaction of laccase and the dye-precursors was therefore monitored by their O 2 consumption using a Hansatech DW1/AD O 2 electrode (Hansatech Instruments Ltd., Norfolk, UK) in 0.5 mL of 50 mM citrate buffer (pH 5.0) at 25 (14) . The values of the kinetic constants, such as the turnover number of the enzyme reaction (k cat ), the Michaelis constant for dye-precursor (K m ), and k cat / K m , were determined by measuring various amounts of laccase and dye-precursor. One enzyme unit was defined as 1 mmol of dissolved dioxygen (O 2 ) consumed per minute at pH5.0 at 25 . All the experiments were carried out in air-saturated solutions.
Laccase from Myceliphthora thermophila was not purified enough to measure the molecular mass. Con-559 sequently, we used the weight of the protein instead of that of the molecule unit in the kinetic parameters for the dimensions.
Results

1 Polymerization of Dye-Precursors
Sequential changes in the polymerization of dye-precursors with laccase and H 2 O 2 application are shown in Fig. 3 . We used PPD as the dye-precursor and measured the adsorption spectra, which reflects the status of the polymerization. The absorbance at the peak point increased approximately from 1.0 to 2.5 in 20 min for 10 U/mL laccase application. On the other hand, over 90 min was required to obtain a similar absorbance increase for 0.2% H 2 O 2 application. Additional H 2 O 2 , however, was stoichiometrically higher than additional laccase in the enabled number of oxidative reactions. In addition, the peak point for absorption shifted from 460 nm to 550 nm during the reaction of laccase. Such a peak shift was not observed in the H 2 O 2 reaction. Figure 4 shows the hair coloring level 15 min after laccase and H 2 O 2 application. The concentrations of laccase and H 2 O 2 were the same as described in Fig. 3 . Laccase application exhibited stronger coloring levels than H 2 O 2 application, with the appearance of laccase and dye-precursor treated hair similar to that of natural hair.
2 Hair Coloring Level
ORP of Dye-Precursors
We measured the ORP of various dye-precursors using a cyclic voltammetry. These dye-precursors were classified in 7 groups (flavonoid, aminoindazole, phenylenediamine, aminophenol, hydroxytyramine, benzhydrazide and hydroxybenzoic acid). In these photographs, we used laccase from Trametes sp. Composition of the reaction mixture was the same as described in Fig. 3 . After incubation, the tress was treated with commercial shampoo, rinsed with water and dried. The coloring level of the tress was evaluated using both a spectrophotometer and visual observation. A, Untreated gray hair; B, Laccase treatment; C, H 2 O 2 treatment; D, natural hair.
in the dye-precursors. However the para-position of the functional groups tended to decrease ORP, obvious regularity of ORP could not be observed in the groups.
4 Correlation between ORP and Color Differences
We conducted a hair-dyeing test using laccase and various dye-precursors and measured the color differences of the processed hair. We also calculated DE using the ORP of laccase and the dye-precursors ( Table  1) . As shown in Fig. 5 , significant correlation was observed between both parameters (p < 0.01). Table 2 shows the parameters of the enzyme kinetics (K m , k cat and k cat /K m ), ORP and the color differences in the reactions of laccase and several different dye-precursors. ORP and color differences tended to correlate with k cat , though K m or k cat /K m did not exhibit a correlation with ORP or the hair coloring level.
5 Parameters of Enzyme Kinetics
Discussion
In this study, we demonstrated that laccase exhibited superior capability for hair dyeing over H 2 O 2 . This capability related to the difference in ORP in laccase and the dye precursors (DE). We also investigated the parameters of the enzyme kinetics of laccase, and con- CAT  5AI  6AI  MPD  PPD  OAP  MAP  PAP  OTDA  PTDA  3HT  3A4HBH  34DABH  35DABH  34DHBA   645  629  725  620  369  604  741  393  440  343  375  461  460  690  758 Dye-precursors were dissolved in a 50 mM citrate buffer (pH 5.0) and the concentration ranged from 0.2 mM to 2 mM. ORP of dye-precursors was measured with a cyclic voltammetry (CV) according to the experimental section. Parameters of the enzyme kinetics in the reaction of laccase, which was from Myceliphthora thermophila, and several dye precursors were estimated by the oxygen consumption rate using an oxygen electrode. We carried out the of ORP and coloring level of hair measurements as described in Fig. 5 . Data of K m and k cat was taken from the M SD of 5 samples. 
Fig. 5 Relationship between Coloring Levels of Hair and
Differences in the ORP in Laccase and Dye Precursors (DE). A tress of gray human hair was dyed with laccase, which was from Myceliphthora thermophila, and several dye-precursors and the color differences were measured as described in the experimental section. ORP of the dye-precursors and laccase were measured and the differences in the ORP in laccase and dye precursors (DE) were calculated as described in the experimental section.
firmed that k cat tends to correlate with the capability for hair dyeing.
We compared the effect of laccase with that of H 2 O 2 on the oxidative polymerization of PPD. Figure 3 shows that PPD, which was an almost colorless solution, was rapidly oxidized by laccase. The absorption bands increased due to yielded quinone, such as p-benzoquinonediimine (BQI) and its polymerized products. On the other hand, a slight increase in the absorption bands was observed in the reaction of the PPD and H 2 O 2 . Additional H 2 O 2 , however, was stoichiometrically higher than additional laccase in the enabled number of oxidative reactions. A similar result was obtained in the hair coloring test using laccase and H 2 O 2 as the oxidizing agent (Fig. 4) . Laccase application is, therefore, superior compared to conventional H 2 O 2 applications in three factors. Laccase application i) exhibits strong hair coloring capability, ii) saves time when hair dyeing, iii) can reduce the risk of hair-damage using H 2 O 2 .
We attempted to analyze laccase as a redox reaction rather than as an enzymatic reaction so we could elucidate these advantages. ORP is an important index for the redox reaction because the kinetics of a redox reaction are affected by the ORP difference (DE) between the oxidant and the reductant.
Dye-precursors, such as PPD, PAP and OTDA are generally used in commercial hair dye, and they have relatively low ORP ( Table 1 ). The data suggests that it is easy to oxidize dye-precursors in commercial hair dye using H 2 O 2 . Marcus et al. reported that the electron transfer rate was affected by the differences of redox potential between the electron donor and acceptor. They called this the "outer-sphere mechanism" theory (15, 16) . In a steady state the rate-limiting step for phenol oxidation by laccase matches the Marcus "outersphere mechanism". This mechanism considers ORP as the driving force for electron transfer from the dyeprecursor to laccase. ORP is also believed to determine the electron transfer rate. We measured the values of DE between laccase and the dye-precursors. We also measured the color differences in the hair for several dye-precursors, and the apparent correlation was observed for both parameters (Fig. 5) . Figure 5 shows the value of DE was negative, and this phenomenon means the ORP of the dye-precursors was higher than that of laccase. Although this seems to be strange, it is a well known phenomenon for laccase catalyzing reactions. Xu et al. demonstrated that laccase, and possibly other redox metallo-enzymes, can increase their redox potential by more than 200-300 mV (13) (14) (15) 17) based on structural investigation (18) (19) (20) . Our results supported this report.
We investigated the kinetic parameters of the reaction of laccase with well utilized dye-precursors and found there was a correlation between DE and the catalytic constant (k cat ). However, no correlation between DE and the kinetic parameters, K m and k cat / K m , was observed. These results imply that DE is the important factor for the oxidation rate of a dye-precursor. This is a reasonable assumption because k cat depends on the electron transfer from a dye-precursor to laccase, and this transfer is almost certainly affected by the redox potential difference between the laccase and the dyeprecursor.
Although PTDA had a higher k cat value than PPD, PTDA exhibited slightly higher color differences than PPD ( Table 2 ). This observation implies that the high oxidation rate of the dye-precursors did not always lead to satisfactory color differences in the hair. Good hair dyeing requires the internal formation of the coloreddye in the hair. A high oxidation rate of the dye-precursors may lead to polymerization on the outside of the hair.
The k cat is also dependent upon other parameters, such as the affinity between laccase and the dye-precursor. This is because, as well as the electron transfer between laccase and the substrate, the internal electron transfer in laccase may also determine the oxidation rate. However, our results imply that DE is much more important for the laccase catalyzing reaction with dyeprecursor than the affinity between the laccase and the dye-precursor, and DE could be a useful index for hair dyeing.
This information is very useful because it enables us to predict the coloring level prior to dyeing treatment. Furthermore, it is possible to regulate the coloring level using a choice of laccase and dye-precursor with regards to DE while reducing the risk of hair-damage that comes from direct treatment of H 2 O 2 .
In previous papers (1,2), we reported that physical and environmental stress in everyday life also influence hair-damage as well as chemical stresses. We suggested HER could prevent hair-damage caused by these stresses. Furthermore, we demonstrated that the application of laccase is useful for hair dyeing and this type of treatment did not generate any significant amount of 562 J. Oleo Sci., Vol. 52, No. 10, 557-563 (2003) Influence of Oxidative and/or Reductive Treatment on Human Hair (III) H 2 O 2 , which causes hair-damage. We outlined the causes of hair-damage in everyday life and proposed a solution to these damages. We believe these proposals are useful for maintaining beautiful and attractive human hair.
